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Abstract 
Organic coatings are often required for the protection of metals against environmental 
degradation. Despite their extensive use, only limited information is available on the initial 
stages of adsorption and formation of protective films, especially at the molecular and atomic 
level. As a model system for coating formation, this study investigates the adsorption of 
glycerol molecules on the single-crystalline Cu(111) surface. A combined electrochemical 
and scanning tunneling microscopy (EC-STM) study in NaOH aqueous solution enabled 
following the adsorption process in detail, providing molecular information on the glycerol 
film structure. A potential-driven adsorption of glycerol was observed, suppressing the 
adsorption of hydroxyl molecules and copper oxidation. The adsorbed species assembled in a 
nearest neighbor arrangement fitting a (√3 × √3) R30° hexagonal structure with respect to the 
Cu(111) lattice. This experimentally observed configuration was confirmed by density 
functional theory (DFT) calculations. DFT modeling indicates that a mixed adsorption mode 
involving the two primary alcohol groups adsorbed at different z-positions relative to the 
surface is the most favorable. This mixed configuration enabled the formation of an extended 
network of hydrogen bonds that aids to stabilize the glycerol film. This implies that 
interactions between glycerol molecules play a non-negligible effect in the growth process of 
such an organic film, allowing the formation of organic layers in the absence of strong 
interfacial interactions.  
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1. Introduction  
Many technological applications of metals rely on protection by organic layers, adhesives or 
hybrid coatings 1. In addition to possible functional or aesthetic requirements, these organic 
coatings provide an essential barrier to slow down and even block the natural degradation 
processes caused by metal exposure to the atmosphere and to corrosive environments. 
However, despite their extensive use, the initial stages that lead to the development of a stable 
metal/organic interface are still not fully understood. Inevitably, the first step in the formation 
of any type of organic-based coatings on metals is the adsorption of coating and/or promoter 
species onto the surface. To a great extent, this initial state of interaction at the solid/liquid 
interface will affect subsequent reactions that lead to the build-up and growth of a protective 
overlayer. Hence, fundamental understanding of these initial steps is critical for the design of 
strong and durable organic coatings. Some key elements of interest are the type, density, and 
orientation of the molecules upon adsorption and the nature of bonding between the surface 
and the different molecules present in coatings. Numerous experimental studies (e.g. 2-7) have 
contributed in the past few decades to our understanding of these elements, utilizing a range 
of surface-sensitive spectroscopic techniques such as X-ray photoelectron spectroscopy 
(XPS), Infrared spectroscopy techniques, and time-of-flight secondary mass spectrometry 
(ToF-SIMS). Although these are extremely powerful tools, these techniques do not provide 
real-space information on the buildup of coatings.  
Scanning tunneling microscopy (STM) was one the first method to provide a direct imaging 
of the surface features at submolecular resolution on extended flat surface 8. Soon after, real-
time imaging of surface interaction with liquids was made possible by performing STM 
measurements in an electrochemical cell (EC-STM). This combination was demonstrated 
successful for a range of surface-focused studies, such as the initial stages of passive film 
formation 9-11, metal corrosion 12, 13 and adsorption of various anions 14-16 and self-assembled 
molecules 17-22. Therefore, this approach is highly suitable to investigate the initial processes 
of organic coating formation on metal surfaces. Unfortunately, most of the industrially 
applied metals such as steel and aluminum alloys form a relatively thick oxide layer in the 
presence of electrolytes, thereby possibly blocking tunneling currents. Excluding noble 
metals, one of the most investigated electrodes using EC-STM is copper. The surface 
structure of copper in different electrolytes and potentials has been well-characterized 23. The 
choice of copper as a model system is motivated by the possibility to form various type of 
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surface sites (Cu0, Cu-OH, Cu1+, Cu2+) at convenient pH and potential window, and self-
limiting oxide layers that are thin enough to allow for a tunneling current between the surface 
and the STM tip 10.  
Because of the chemical complexity and the size of monomers in conventional coatings, this 
work addresses small organic molecules with common type of functional groups that are also 
present in many organic coatings. Glycerol was chosen as model molecule, containing three 
alcohol groups that can interact with the surface. In addition, it is readily dissolved in water 
and its small size permits imaging down to molecular resolution. The purpose of the present 
study was to probe the initial stages of interactions at the solid/liquid interface between 
copper and glycerol. This paper presents an EC-STM experimental investigation on the 
adsorption of glycerol on Cu(111) electrode in NaOH electrolyte combined with the Density 
Functional Theory (DFT) theoretical modeling of the atomic structure of the adsorbed organic 
layer. By studying the electrochemical and structural changes in situ, we aim to identify the 
important physical and chemical processes needed to facilitate interfacial bonding, and to 
advance our understanding of the fundamental processes that lead to the formation of a 
protective organic overlayer.  
 
2. Experimental   
2.1 EC-STM 
The EC-STM experiments were performed with an Agilent Technologies 4500 system 
comprising PicoSPM base, STM S scanner, PicoScan 2100 controller, PicoStat bi-potentiostat 
and Picoscan software. High purity (6N) copper (111) single crystal was purchased from 
surface preparation laboratory (SPL) with an initial accuracy of < 0.5° of the crystallographic 
orientation. Before each experiment, the sample was mechanically polished using diamond 
paste down to a final 0.25 μm grade. The sample was subsequently electropolished in 60% 
H3PO4 for 4 min at 1.4 V vs. a Cu counter electrode and then annealed overnight at 730 °C 
under a flow of ultrapure hydrogen at atmospheric pressure to heal out defects and to enlarge 
the terraces. After annealing, the sample was quenched to room temperature and rested for 1 h 
under the continuous flow of hydrogen before transfer to the EC-STM set up.  
Prior to each measurement, the EC-STM cell made of PCTFE kel-F together with the two Pt 
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electrodes (counter electrode and a pseudo-reference) was cleaned in a 2:1 mixture of 
concentrated H2SO4 and H2O2 and in concentrated HNO3 to remove organic and metallic 
contaminations, respectively, and thoroughly rinsed with Millipore water. Glycerol (99%) and 
NaOH were purchased from Sigma- Aldrich and used as received. 0.1M NaOH and a mixture 
of 0.1M NaOH and 0.1M Glycerol were prepared with Milli-Q purified water (resistivity > 18 
MΩ cm). To minimize electrolyte evaporation during the long measurements time, the EC-
STM head was placed in an environmental chamber that was saturated with water vapor.  
The single crystal was then mounted in the cleaned EC-STM cell as working with an 
electrode surface area of 0.13 cm2 exposed to the electrolyte (of approx. volume 360 μL). 
After noting the open circuit potential (OCP), the air-formed native oxide film was 
immediately reduced by scanning the potential at 20 mV/s down to the onset of hydrogen 
evolution and then up -0.8 VSHE (approx. -1.0 V vs. Pt), which is in the range of metallic 
copper. After this pretreatment, the potential was scanned to the value of interest. References 
of the potential values reported in this paper were converted to the standard hydrogen 
electrode (SHE). The tungsten STM tips were prepared from a 0.3 mm diameter wire by EC 
etching in 3 M NaOH and covered by apiezon wax. All images were obtained in the constant 
current topographic mode and later analyzed using WSxM software 24.  
 
2.2 Computational details 
All calculations were performed in the framework of Density Functional Theory (DFT), with 
the periodic plane-wave basis set code VASP (Vienna Ab initio Simulation Package) 25-27. All 
results reported have been obtained with projector-augmented-wave potentials 28, 29 using a 
520 eV plane-wave cut-off. The Generalized Gradient Approximation (GGA) of Perdew-
Burke-Ernzehof (PBE) function 30, 31 was used for the exchange-correlation term. The van der 
Waals (vdW) interactions were carried out using the semi-empirical dispersion corrections 
developed by Grimme 32 (DFT-D2). A Methfessel-Paxton 33 smearing and Monkhorst-Pack 34 
mesh of k-points was used in order to have the same energy precision in all calculations. We 
used a 3×3×1 or 5×5×1 k-point grid according to simulation cell size. Different sizes of 
supercells were used to represent the substrate in the aim to understand the interaction 
mechanism of the glycerol with the copper and to find a stable configuration of the network 
formed by the molecules. Schematic illustration of the different supercells is shown in Fig. 1. 
These supercells were constructed from four layers of Cu(111), with different lateral 
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dimensions of (a(111) √3), (2 × a(111) √3) and (3 × √2 2⁄ × a0  = 3 × a(111)) in both x and y 
directions, where a(111) is the experimental lattice parameter of (111)-oriented copper (a(111) = 
2.55 Å). The vacuum region between the 4-layer Cu slabs was set at more than 18 Å to 
minimize the interactions in the z direction between periodic images of the 
adsorbate/substrate system. The adsorbed glycerol molecules and the two uppermost layers of 
the copper substrate were allowed to move freely, while the copper atoms at the bottom two 
metal layers were fixed at their position in the bulk during all computations. Atomic positions 
were relaxed with the conjugate gradient (CG) algorithm until forces on each moving atom 
were less than 0.02 eVÅ-1 and using a total energy convergence of 10-5 eV. We optimized 
glycerol/Cu(111) systems without dipole corrections and after the convergence we restarted 
the calculations adding a dipole correction. The adsorption energy per molecule (in 
eV/molecule) of the glycerol on the Cu(111) surface was calculated using Eq. (1), where 
Eslab/mol is the total energy of the system with the molecules adsorbed on the Cu(111) surface, 
Eslab is the energy of the bare relaxed Cu(111) substrate, Emol is the energy of one free glycerol 
optimized in vacuum and n the number of glycerol molecules in the supercell. One free 
glycerol molecule optimized in vacuum was used as reference. The large supper-cell with 
dimensions of 15 Å, 15.5 Å and 16 Å in x, y and z directions was applied, respectively. In 
order to have the same energy precision in all calculations we kept the same calculations 
parameters as in the glycerol/Cu(111) systems. Because of the large unit cell used in 
calculations, the Brillouin-zone sampling was restricted to the Γ-point.  
 
Eads = (Eslab/mol - Eslab – nEmol)/n Eq. (1) 
 
 
Figure 1: Schematic illustration of the different supercells used for simulation of (a) low and 
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(b) high coverages. The bold lines mark the unit cells and the red dots the glycerol molecules. 
 
3.Results & Discussion 
3.1 Electrochemical behavior  
Fig. 2 (a) shows cyclic voltammetry (CV) curves of Cu(111) in 0.1M NaOH (grey line) and 
0.1M NaOH + 0.1M glycerol (black line), measured with the EC-STM cell. The characteristic 
potential domains for the copper surface reactions in 0.1M NaOH and the associated surface 
species are indicated. At potentials lower than -0.75 V, the copper surface is in its metallic 
state, Cu. The first anodic reaction, A1, of copper oxidation to Cu2O occurs above -0.4 V. This 
is followed by the second anodic process, A2, starting approx. at 0 V. This process exhibits 
two peaks that are generally assigned to an initial formation of soluble Cu2+ species in the 
form of Cu(OH)4
2-, followed by deposition of a mixture of CuO and Cu(OH)2 
35, resulting in a 
duplex oxide layer 9, 11. Finally above +0.8 V, oxygen evolution starts and the curve exhibits 
high current densities. Upon sweeping back in the cathodic direction, the first cathodic peak, 
C2, appears at approx. -0.2 V, indicating reduction of CuO back to Cu2O. This is followed by 
the reduction of Cu2O to Cu at peak C1. This peak correlates to the desorption of hydroxyls, 
shifted to cathodic potential after reduction of the surface oxide (as discussed later in relation 
to Fig. (1 (b)). At potentials negative to -1.0 V hydrogen evolution is observed. This typical 
electrochemical response has been well documented, with minor shifts in the relative currents 
or peak areas depending on the hydroxide concentration, the potential scan rate and other 
variations in the experimental conditions.  
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Figure 2: Cyclic voltammetry of Cu(111) in 0.1M NaOH (grey line) and 0.1M NaOH + 
0.1M glycerol (black line) in the EC-STM cell at 20mV/s: (a) full and (b) short CV. The 
two arrows in (b) indicate the potentials at which EC-STM images were recorded.  There 
was a (-0.2V) shift of the Pt reference in the presence of glycerol, which is corrected for in 
Fig. 2 (a) and (b).  
 
Some distinct differences in the electrochemical response can be observed in the presence of 
glycerol. The first distinction concerns a 50 mV shift in the open circuit potential (OCP). In 
glycerol, the OCP shifts to a more positive value (-0.11 V in 0.1 NaOH + 0.1M C3H8O3 vs. -
0.16 ±0.1 V in 0.1M NaOH). The first oxidation peak, A1, is no longer observed, and instead 
there is a gradual increase in the current density. This trend changes when the potential 
reaches values near the second oxidation peak, A2, which is broadened and exhibits much 
higher oxidation currents. This enhanced current density was previously reported to result 
from electrooxidation of glycerol in this potential range 36, 37. Similar oxidative response at 
high potentials has been observed with other small carbohydrate molecules up to larger poly-
compounds derived from sugar 38. This is accompanied by a new (third) anodic peak. This 
peak has been previously assigned to the formation of soluble Cu3+ species that help to 
mediate this catalytic oxidation process 35. The modification of the cathodic reduction peak, 
C2, upon scanning back in the cathodic direction is related to the loss of soluble copper 
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species to the solution during glycerol oxidation and extensive surface roughening. Both CVs 
show hanging in the cathodic region, and this is more marked in the absence of glycerol. This 
hanging can be assigned to the increased reduction of O2 present in the non-deaerated 
electrolyte with increased cathodic polarization.  
It was previously shown by Maurice et al. 9 that hydroxyl adsorption precedes the oxidation of 
copper in NaOH, hence, occurring at potentials slightly negative with respect to the first 
anodic oxidation peak, A1. This peak of interest is not evident in the full CV, as it is much 
smaller compared to the two oxidation peaks and its appearance is highly sensitive to sample 
preparation. In order to observe the OH adsorption and desorption peaks, a shorter CV was 
measured, with an anodic vertex lower than the first oxidation peak, A1. An example of such 
CV is shown in Fig. 2 (b) for Cu(111) in NaOH with- and without the addition of 0.1M 
Glycerol. The short CV in 0.1 M NaOH is in good agreement with previous reports, which 
have done detailed investigations about hydroxyl adsorption on Cu(111) 9. In the presence of 
glycerol, however, the characteristic OH adsorption and desorption peaks appear to be 
suppressed and the current is slowly increasing without any specific end-point in this region. 
This linear current increment is a sign for a non-diffusive adsorption process at the copper 
surface that leads to a constant charging rather than a redox reaction, as with OH- adsorption. 
This is supported by the fact that an additionally overpotential of approx. 0.2 V was needed to 
initiate hydrogen evolution in the presence of glycerol.  
These observations for glycerol are in accordance with numerous earlier studies that reported 
major reduction in the corrosion current densities of copper in the presence of glycerol, 
especially under alkaline conditions 39. This effect is clearly visible by the electrochemical 
response measured in the present case. However, earlier results often assigned this decrease to 
the high viscosity in the presence of high concentrations of glycerol and/or the presence of 
metal-copper complexes, creating a protective film 39, 40. As the viscosity is not significantly 
affected in our study, this inhibition can be ascribed to the interactions of glycerol with the 
copper surface, which is our main objective in this study. Moreover, this is a typical 
electrochemical behavior for an inhibitor, such as of 5-mercapto-1-phenyl-tetrazole 41. The 
formation of an organic overlayer on the copper surface is most likely preventing hydroxide 
ions and water molecules to access surface sites and initiate oxidation. Similarly, previous 
work on γ-alumina powders have shown that its hydrolysis and conversion to boehemite was 
slowed down in the presence of glycerol, presumably due to the formation of carbonaceous 
deposits on the alumina surface 42.  
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3.2 Surface structure observed in situ with STM  
In order to understand the reactions at the solid/solution interface, EC-STM images were 
recorded at specific stages in the CV (indicated by the arrows in Fig. 2(b)). At -0.8 V, 
corresponding to the metallic state, the surface morphological features were similar in both 
electrolytes. As an example, larger scan images of Cu(111) in metallic state are shown in Fig. 
3 (a, b). The surface revealed a succession of terraces ranging from narrow ones, 2 – 10 nm 
wide, to large ones, up to 500 nm wide (Fig. 3 (a)). In addition, copper islands, ranging from 2 
to 50 nm in width, are visible on the entire surface. These adislands are expected to form 
during the initial reduction of the native oxide formed in air, as the pretreatment conditions of 
reduction of the native oxide do not allow for sufficiently long-range diffusion and full 
rearrangement of the surface. The steps separating the terraces and the adislands have heights 
consistent with monoatomic copper layers (reticular distance of 0.208 nm for (111-oriented 
copper), as measured by the profiles shown in Fig. 3(c).  
 
Figure 3: EC-STM topographic images of the Cu(111) metallic surface in 0.1M NaOH + 
0.1M glycerol (a,b) and height profile measurements across the steps edges and adislands 
indicating monoatomic height (c). UCu = -0.8 V, Utip = -0.4V, Itip = 1.8 nA.  
 
Fig. 4 presents a sequence of STM images that were recorded during a slow (1mV/s) 
potentiodynamic sweep of the sample potential in the anodic direction from -0.8 V to -0.6 V 
in 0.1 NaOH + 0.1M glycerol. At the start, the copper surface exhibits atomically flat terraces 
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that are typical for its metallic state (Fig. 4 (a)). Structural changes were observed starting 
from approx. -0.73 V, with darker spots covering the terraces and adislands as well as the step 
edges (Fig. 4(b), middle and top parts and 4(c)). These are characteristic signs for the 
adsorption of oxygen-containing species on the copper surface 9. Soon after adsorption 
started, the images exhibited significant loss of definition and most surface features became 
blurry (Fig. 4 (d-f)). This suggests increased mobility of atoms (or molecules) on the surface, 
which must be faster than the time resolution of the STM scan. Since there is no visible 
change in the morphology of the copper adislands (e.g. the adislands marked by the arrows in 
Fig. 4), we expect no significant copper mass transport during the formation of the adlayer. 
Hence, copper surface reconstruction is unlikely and this high mobility can be assigned to the 
adsorbed species. The EC-STM data in Fig. 4 clearly indicate of a potential-driven adsorption, 
with buildup of the adsorbed surface structure above -0.75 V. 
 
Figure 4: Sequence of EC-STM topographic images recorded in 0.1 NaOH + 0.1M glycerol 
during a dynamic sweep at 1mV/s from UCu = -0.8V to -0.6V (a-c) and directly after the 
sweep (d-f). A small drift is observed between images, however, similar features are visible 
for comparison. Utip = -0.4 V, Itip =  1.40 nA.   
After several hours at -0.6 V we obtained high-resolution images of the surface species. Some 
examples are shown in Fig. 5 and Fig. 6. The structure was reproducible in over 100 STM 
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images. The surface appeared to be covered by regularly spaced molecular protrusions 
(appearing as bright dots) arranged in a hexagonal structure (Fig. 5) that covered the whole 
surface, the terraces as well as the ad-islands, (Fig. 6). No different rotational or mirror 
domains were found, which is in accordance with the expectations for an adsorbed structure 
of symmetry identical to that of the substrate. The apparent boundary between the upper part 
and lower part of the image in Fig. 5 (a) may correspond to different domains (i.e. grains) of 
the superstructure adopting the same local orientation. The hexagonal structure looks 
distorted, especially in the slow scanning direction (y-axis), due to the drift of the field of 
view. To evaluate the lattice parameter, multi intermolecular distances were measured along 
the three directional symmetry axes (Fig. 5 (c)). The average measured spacing was in the 
order of 0.39±0.2 nm, with values ranging between 0.36 to 0.48 nm. These relatively large 
variations in the measured lattice parameters can be largely attributed to the limited precision 
in the STM images due to visible scanning drift. Similarly, this drift could be the cause for 
seemingly deviations from a perfect hexagonal arrangement. Deviation of the measured 
parameter was large because averaged from areas that appear compressed or elongated in each 
image. This average lattice parameter corresponds best to a (√3𝑥√3) R30° supercell (lattice 
parameter of 0.44 nm) with respect to the unreconstructed lattice of the (111)-oriented 
substrate. Following cathodic reduction, the EC-STM images of the copper surface exhibited 
the original metallic structure, indicative of a reversible desorption reaction of glycerol.  
While STM cannot distinguish between different chemical species, structural information on 
the atomic configuration can generally assist in the assignment of the type of species. A 0.44 
nm distance is significantly larger than the Cu-Cu nearest neighbor distance of 0.256 nm, but 
also significantly smaller than the reported cell size of OH adsorbed on Cu(111), which is 0.6 
nm 9, 43. Hence, OH can be excluded based on these EC-STM findings and the CVs in Fig. 2, 
which show that the superstructure forms in the potential range where glycerol inhibits OH 
adsorption. Oxygen adsorption is also decreasing in this potential range according to the 
decreasing residual cathodic background current with increasing potential (Fig. 2), excluding 
this possibility. The remaining options are either glycerol or fragments of it. Under the 
applied imaging conditions, we can exclude glycerol decompositions for two reasons: (1) the 
experimental alkaline conditions do not support dehydrogenation of glycerol, and (2) the 
potential in which this initial adsorption occurs is very low, providing insufficient energy to 
decompose the molecule, something that was reported in the literature at higher (oxidation) 
potentials 36,37. Considering the dimensions of the glycerol molecule, a relative small unit cell 
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can be expected upon adsorption on Cu(111). Surveying EC-STM literature, it appears that a 
(√3𝑥√3) R30° structure is a common unit cell for adsorption of different anions, such as 
iodide and phosphate anions on Cu(111) surfaces 44, 45. Earlier, other anions such as chloride 
and sulfate were also thought to form this unit cell. Only later, upon obtaining better images 
or additional diffraction data, it appeared that some axial disproportionation were missed in 
the EC-STM or AFM due to imaging artifacts 46. In the present case, a (√3𝑥√3) R30° model 
on the unreconstructed Cu(111) lattice best fits the experimental results for glycerol 
adsorption. Each molecular protrusions in the STM images would correspond to an adsorbed 
glycerol molecule. The associated surface coverage is 1 molecule for 3 Cu atoms 
corresponding to an areal density of 5.9 molecules/nm2. 
 
 
Figure 5: High resolution EC-STM topographic images of Cu(111) in 0.1M NaOH + 0.1M 
glycerol at UCu = -0.6V, Utip = -0.5 V, Itip =  1.80 nA.  
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Figure 6: (a) High resolution EC- STM topographic image of Cu(111) in 0.1M NaOH + 
0.1M glycerol at UCu = -0.6V  Utip = -0.5 V, Itip =  1.80 nA. (b) Derivate of the image in (a) 
and two enlargments, showing the atomic lattice on a terrace and an adisland. 
 
3.3 DFT calculations  
In the absence of further direct chemical information from STM, combination with theoretical 
modeling was needed to better understand the adsorption mechanism of glycerol and its 
assembly on the copper surface. Using the experimental input that includes the super cell of 
the adsorbed layer and the fact that there is no visible manifestation of surface reconstruction 
of the copper substrate, DFT calculations were performed to confirm the adsorption model 
and bring further insight in the detailed structure of the adsorbed molecular assembly.  
3.3.1 Adsorption site of glycerol on Cu(111) at low coverage  
A glycerol molecule has great flexibility, as it can rise to different conformers and isomers. 
Six backbone conformers have been classified according to the dihedral angles involving the 
carbon and oxygen atoms 47, 48. From these conformers, Chelli et al. 49, 50 have identified 126 
isomers, according to the intramolecular hydrogen bonds and other conformations related to 
intermolecular H-bonding in the crystal, glass and liquid phases. The opening backbone 
conformation, typical of crystalline glycerol was investigated to favor the interaction with the 
surface and/or the formation of the intermolecular hydrogen bonds at high coverage 51-53. 
15 
 
In order to determine the adsorption configuration of glycerol, an initial DFT study was 
performed to identify the most favorable adsorption sites and molecule orientation at low 
coverage. To this end, we used the (3 × 3) supercell defined in Fig. 1 (a) and adsorb one 
glycerol molecule per cell. The areal density is 1.9 glycerol molecules/nm2 and the coverage 
1/9. At this low coverage, the interaction between glycerol and its lateral images is nearly 
negligible (3a(111) = 7.6 Å, Fig. 1 (a)). A wide range of configurations considering the 
different possible adsorption sites present on the topmost surface plane, e.g on-top, fcc and 
hcp hollow and bridge sites were initially considered (see supporting information). In these 
different adsorption sites, the orientation of the molecule was also taken into account. Under 
the applied alkaline conditions of the experiments, glycerol in the solution is expected in its 
hydrated form (pKa > 14). Hence, there are three kinds of hydroxyl groups present in one 
molecule, one hydroxyl group is attached to the middle carbon atom and the two others to the 
two terminal carbon atoms with slightly different orientation relative to the carbon backbone 
(Fig. 7). These two end-groups are hereafter noted OH group 1 and OH group 2. According to 
first principle calculations on closed-packed precious metal surfaces like Pt, Pd, Rh and Au, 
glycerol binds via its terminal oxygen lone pair. Hence, only the two OH end-groups were 
further analyzed.  
The most favorable optimized structures are shown in Fig. 7 with their calculated adsorption 
energies. For this hydrogenated form of glycerol, all obtained structures were found 
physisorbed, i.e. with relatively weak adsorption energy and without the formation of 
covalent bonds, due to the position of the molecule relative to the copper surface at a distance 
of more than 2.35 Å. The adsorption of the glycerol via OH group 1 presented different final 
geometries after relaxation. In one configuration, the molecule adsorbed perpendicularly to 
the Cu(111) surface with the OH group 1 near the bridge adsorption site, resulting in an 
adsorption energy of -0.51 eV. In another configuration, the molecule was also perpendicular 
but on top site, with a competing adsorption energy of -0.65 eV. A relaxation of the glycerol 
occurred during optimization, giving rise to a change in the orientation of the OH group 1 to 
OH group 2. Other configurations such as fcc and hcp sites are less stable with energy 
differences of about 0.20 eV. The results demonstrate that the adsorption sites play an 
important role in the determination of the most stable structure and adsorption topology. 
  Considering the glycerol adsorbed via OH group 2, whatever the starting adsorption sites, 
the final state (after relaxation) exhibited similar final adsorption structures, with an 
adsorption energy of -0.78 eV with the contribution of the vdW interaction of about -0.60 eV.  
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In this configuration, the molecule was also adsorbed perpendicularly on top site. So far, we 
can conclude that the perpendicular adsorption of glycerol on Cu(111) at low coverage is 
controlled by the orientation of the hydroxyl group near the surface and the lowest adsorption 
energy was found for OH group 2.  
Starting from the most stable perpendicular adsorption, we also studied the effect of a 
molecule tilt with respect to the Cu(111) surface on the adsorption topology. The most stable 
configuration, also shown in Figure 7, has an adsorption energy value of -1.13 eV with energy 
dispersion of -1.02 eV, which demonstrate the physisorption mode of the glycerol. This lower 
adsorption energy of the tilted molecule (the C-C-C skeleton has a tilt angle of 85° toward the 
surface normal) is related to the vicinity of the remaining OH groups to the surface. The total 
energy difference at the relaxed state is closely related to the position of the OH group from 
the surface and the contribution of the vdW forces between the glycerol and the substrate 
surface. This result is in agreement with previous DFT studies for glycerol adsorption on 
Pt(111) and Au(111) 54, 55, indicating a much lower affinity towards glycerol compared with 
copper. For example the corresponding adsorption energy of glycerol on Au(111) surface is -
0.78 eV 55 using the optB86b-vdW, which is the lowest value obtained by different functional 
and dispersion correction methods.  
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Figure 7: Most favorable DFT simulated glycerol adsorption configurations on different 
surface sites at low surface coverage of 1/9 (areal density of 1.9 molecules/nm2) and 
associated adsorption energies.  
 
3.3.2 Adsorption of glycerol on Cu(111) at high coverage and formation of the hexagonal 
network according to the STM experimental data 
In this section, we examined the adsorption of glycerol on the Cu(111) surface and its 
energetics at the coverage of 1/3 associated with the (√3 × √3) R30° supercell deduced from 
the experimental data. Several simulation supercells, shown in Fig. 1 (b), and adsorption 
topologies were investigated, all with the same coverage of 1/3. In this approach, the system 
can evolve to a more stable structure, if there is any, without much bias. The starting 
adsorption topologies of the glycerol were made taking into account the low coverage results. 
However, in the case of (3×3) supercell, we tested other adsorption sites such as fcc hcp and 
bridge and also tilt configuration. We discussed here the most stable final structures. The 
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results are presented in Fig. 8, with the supercells and the Cu(111) unit cell indicated on the 
images by bold black lines. Calculations showed that even though the coverage is identical in 
all three cases, the adsorption energies vary upon relaxation of the final structure. The models 
using the (√3 × √3) R30° (Fig. 8 (a)) and (2√3 × 2√3) R30° (Fig. 8 (c)) supercells and 
containing one and four glycerol molecules per cell, respectively, present similar adsorption 
topology, where the glycerol molecules stand almost perpendicularly to the copper surface 
and occupy top sites. As discussed above, the glycerol molecules physisorb via OH group 2, 
without any significant change in the orientation of the hydroxyl groups compared to the gas 
phase. We calculated adsorption energies of -0.75 eV/molecule in both cases. This value is 
similar to that found for the perpendicular adsorption of glycerol via OH group 2 at low 
coverage. The network formed by the nearest neighbor adsorbed molecules perfectly matches 
the hexagonal (√3 × √3) R30° arrangement even when simulated with the larger (2√3 ×
2√3) R30° supercell. However, the most favorable adsorption, shown in Fig. 8 (b), was found 
with the (3 × 3) supercell containing three glycerol molecules per cell. The calculated 
adsorption energy for this configuration, -1.14 eV/molecule, is significantly lower as 
compared to the other two structures. This higher adsorption energy can be attributed to the 
formation of intermolecular hydrogen bonds, as described here under. The contribution of the 
vdW interaction is about -0.88 eV/molecule. Close inspection of this optimized structure 
shows that the adsorption topology consists of a mix of the two favorable adsorption 
configurations via the two primary OH groups (group 1 and group 2), despite the molecules 
were initially adsorbed via OH group 2 on top sites.  
 
Figure 8: The three different supercells of increasing size used for DFT simulation of 
glycerol adsorption at the surface coverage of 1/3 (areal density of 5.9 molecules/nm2) and 
associated adsorption energies. (a) (√3 × √3) R30°, (b) (3 × 3) and (c) (2√3 × 2√3) R30° 
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supercell. Substrate unit cell is marked in white and supercells are marked with plain black 
lines. In (b) and (c), the (√3 × √3) R30° cell is marked with dotted lines. 
Fig. 9 (a) shows a side view of this final structure. Note that the oxygen atoms (red) near the 
surface are found in different z planes. The initial configuration consisted of three molecules 
bond to a Cu atom, in the same geometry as that found for the isolated molecule (Cu-O = 
2.35Å). In this initial configuration, the glycerol layer density is 9.5 mol/nm3, a value superior 
to the glycerol density in solid and liquid phases (respectively 9.1 mol/nm3 and 8.1 mol/nm3). 
Not surprisingly, during the geometry optimization, the organic layer relaxes to a less dense 
layer, with a final density of the calculated density of the optimized layer that can be 
estimated at 8.5 mol/nm3 (taking as the thickness of the layer the average of the top O of the 
glycerol molecules distances to the surface), a value in between the liquid and the solid state. 
This layer relaxation induces in addition the creation of lateral hydrogen bonds between the 
molecules, as described below. 
 In this structure, one of the three molecules has a stronger bond with the surface, with a Cu-O 
bond length of 2.12 Å (type 1). This molecule is nearly perpendicular to the surface, deviating 
by 18° from the normal. A second molecule (type 2) is farther from the surface with O-
surface distance of 3.08 Å. This molecule has a tilt of 36° with respect to the normal to the 
surface. A ring is formed between the upper and middle OH group from the second molecule 
and the upper OH group from the first molecule. The third molecule (type 3) is still farther 
from the surface, the bottom O being at 3.54 Å from the surface, and has tilt angle of skeleton 
of 26° along surface normal. Each OH shares one H bond with neighboring molecules of type 
1 and 2. As a consequence, the second and third OH groups on each molecule are positioned 
in such a way that they can readily form hydrogen bonds with neighboring glycerol 
molecules, while the first OH groups still binds to a surface Cu atom. This results in a 
network of intermolecular hydrogen bonds. This is visible by the top view shown in Fig. 9 
(b), displaying a network of hydrogen bonds ranging in distance from 1.6 – 2.0 Å (H atoms in 
yellow, H-bonds presented in dashed white lines). This mixed adsorption mode indicates that 
the interaction between molecules play a non-negligible effect in the assembly of the organic 
film at higher coverage. Hydrogen bonds between adjacent glycerol molecules play essential 
role in stabilizing this ordered structure, as implied by the lower adsorption energy. Among 
these molecules, the type 2 and 3 molecules adsorbed via OH group 1 are localized nearly in 
the bridge sites and those adsorbed via OH group 2 (type 1) is localized on top sites. The 
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positioning of the molecules relative to the surface sites is in good agreement with results at 
low coverage. However, this mixed adsorption mode leads to slight distortion of the 
hexagonal network formed by the nearest neighbor adsorbed molecules, compared to the 
perfect (√3 × √3) R30° arrangement, which is further discussed below on the basis of 
simulated STM images. 
To summarize, glycerol physisorbs on the Cu surface in forming, at low coverage, in majority 
van der Waals interactions, in almost a parallel orientation towards the surface which allows 
the maximization of weak bonds, with an energy of adsorption of -1.13 eV. At full coverage, 
similar adsorption energy is found, in an arrangement in which the molecules are less tilted 
towards the surface, which allows maximizing the surface coverage, and in turn, lateral 
Hydrogen bonds network between adjacent molecules is formed, which accounts for the layer 
cohesion. 
 
Figure 9: DFT simulated mixed adsorption mode. (a) Side view of the glycerol molecules 
position with respect to topmost copper plane; the oxygen atoms (red) that are bonded to the 
surface can be found in different z planes. (b) Top view of the formed network of hydrogen 
bonds formed (dotted white lines). The (√3 × √3) R30° cell is marked by a dotted line. The 
references to the molecules (type 1 to 3) is indicated, as well as the estimated thickness of the 
organic layer, taken as the average top Oxygen-Surface distance. 
 
3.3.3 DFT simulations of the STM images  
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STM images were simulated in order to compare the theoretical models with the experimental 
results. The Theoretical DFT-STM images were obtained by Tersoff-Hamann approximation, 
where the tunneling current is proportional to the local density of state (LDOS) of the surface 
at the tip position integrated from the applied voltage bias to the Fermi level 56,57. We used 
p4vasp software package 58 to generate the virtual STM images. We choose low and high 
isodensity of 10-3 and 102 electrons/ Å3 respectively, to obtain the best images in comparison 
to experiment. Analysis of the density of states (DOS) was first performed to obtain a better 
understanding of the electronic properties that are probed during STM imaging. The DOS 
analysis of the glycerol/copper system presented in Figs. 8 (b) and 9 is shown in Fig. 10 (a) 
for an energy window of ±10 eV with respect to the Fermi level. The total density of states 
DOS (red line) is dominated by the projected DOS of copper (green line), with small 
contributions from glycerol (blue line). However, considering that the tunneling current 
exponentially decreases with increasing tip-surface distance, it can be reasonably assumed 
that the copper atoms will not significantly contribute to the tunneling current in presence of 
the adsorbed layer of glycerol. This assumption is supported by previous STM results for co-
adsorbed Cu/SO4
2- adlayer on Au(111) 59. The nonmetallic (sulfate) (√3 × √3) R30° adlayer 
structure was imaged by STM rather than the metallic (copper) adlayer. This effect was 
attributed to the fact that sulfate protruded further from the surface than Cu, thereby 
decreasing the distance with the tip. Hence, only the projected density of states PDOS of 
glycerol has been further considered. It is shown in Fig. 10 (b) for an energy window of ±1.5 
eV with respect to the Fermi level. There are several C, O and H atoms in glycerol, and hence, 
we averaged the DOS for every type of atom. Figure 10 (b) shows that both the occupied and 
unoccupied states near the Fermi level are dominated by the contribution of the oxygen 
orbitals (pink line), with smaller contributions of the carbon atoms (turquoise line). 
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Figure 10: Density of states (DOS) analysis for the adsorbed configuration shown in Fig. 8 
(c) and Fig. 9. 
 
The calculated virtual STM images are presented in Fig. 11. They were produced for the two 
different adsorption configurations discussed in the previous section. Figs. 11 (a) and (c) 
correspond to the perfect hexagonal network of nearest neighbor adsorbed molecules shown 
in Figure 8 (a) and described by the (√3 × √3) R30° supercell, while Figs. 11 (b) and (d) 
correspond to the most energetically stable but distorted network, the mixed adsorption mode 
shown in Figure 8 (b) and described by the (3 × 3) supercell. In order to accurately mimic the 
experimental data, the images were obtained at constant current density, while changing the 
cross-section in the DOS that is projected on the plane. The highest occupied states near the 
Fermi level were considered, as the experimental images were obtained at negative sample 
bias. More precisely, Fig. 11 (a) and (b) were obtained by projecting an occupied DOS at 
negative bias near to the Fermi level edge and at a high iso-surface density, which takes into 
account only the dominating molecular orbitals while Fig. 11 (c) and (d) were obtained at low 
iso-surface density, which takes into account all contributing atomic orbitals in the potential 
range. At high iso-surface density, there is a strong contribution of oxygen atoms near the 
Fermi level, particularly oxygen via which the molecule adsorbs on the Cu(111) surface. 
Hence, the oxygen atoms near the copper surface in the adsorbed glycerol molecules are 
23 
 
responsible for the tunneling maxima (white spots) in Fig. 11 (a) and (b). Conversely, at low 
isodensity, the contributions of orbitals from different atoms of the glycerol molecules are 
included. In the case of the perfect hexagonal network of nearest neighbor adsorbed 
molecules, the √3𝑥√3) R30° arrangement is reproduced by the simulated images 
independently of the isodensity considered (Figs. 11 (a) and (c)). In the case of the distorted 
network, the image simulated at high isodensity (Fig. 11 (b)) reproduces the distortion from a 
perfect nearest neighbor arrangement owing to the different positions of the O atoms via 
which the molecules are adsorbed. However, the image simulated at low isodensity (Fig. 11 
(d)) shows nearly no distortion from the √3𝑥√3) R30° arrangement owing to the 
contributions of several atoms to the tunneling maxima. Hence, although the STM images 
simulated at low isodensity somewhat differ, both provide support for the formation of a 
glycerol overlayer on the Cu(111) surface with a near perfect (√3𝑥√3) R30° network of the 
nearest neighbor adsorbed molecules, in accordance with the experimental data. The DFT 
simulations point to a more stable adsorbed molecular assembly combining adsorption by 
different OH end-groups and stabilized by vdW intermolecular interactions. 
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Figure 11: DFT simulated STM images for the perfect (a, c) and distorted (b,d) (√3 ×
√3) R30° hexagonal arrangement corresponding to the adsorbed configurations in Fig. 8 
(a,b) and Fig. 8 (c), respectively. The intensity of the DOS, as measured by the tip above the 
surface increases from dark to light bands. The blue circles mark the tunneling centers 
yielding intensity maxima at high (a,b) and low (c,d) isodensity of 102 and 10-3, respectively. 
The orange skeletons delimit the perfect and distorted hexagonal arrangements of adsorbed 
molecules. 
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CONCLUSIONS 
Glycerol on the Cu(111) single-crystal surface was used as a model system to study the 
adsorption behavior of coating-based organic molecules on metal surfaces. Electrochemical 
measurements in 0.1M NaOH indicate that a potential-driven adsorption of glycerol is 
suppressing the adsorption of hydroxyls. On the basis of molecularly-resolved STM images 
and the corresponding DFT modeling, the formation of an organized adsorption film of 
glycerol nearest neighbor molecules adopting a (√3𝑥√3) R30° structure on the surface of the 
copper is concluded. At the surface coverage of 1 molecule for 3 Cu atoms, DFT calculations 
indicate that a mixed mode of adsorption is favored, with the two primary alcohol end-groups 
adsorbed at different distances relative to the copper surface. This variation in the hydroxyl 
group orientation and position enabled the formation of a 3D network of hydrogen bonds 
between adjacent glycerol molecules perpendicular to the surface. This mixed mode of 
adsorption, combining the two most stable configurations found at lower, sub-monolayer 
converge, indicates that the interactions between molecules play an essential role in 
stabilizing this ordered structure and, therefore, in the assembly process of the organic film.  
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